The performance of a time reversal mirror ͑TRM͒ in complex ocean scenarios can be evaluated without invoking spatial reciprocity in the experimental procedure. The experimental implementation requires connectivity between a source array and a receiver array but eliminates the requirement of actually having a probe source collocated with the receiver array. It is shown with data taken in a recent experiment that this streamlined, nonreciprocity-based time reversal procedure yields results potentially better than the classical time reversal method. Further, it provides a more versatile method to study a TRM in a fluctuating medium.
I. INTRODUCTION
Acoustic time reversal mirrors ͑TRMs͒ have been implemented in the laboratory 1,2 and at sea. [3] [4] [5] [6] [7] Classically, time reversal ͑TR͒ is based on spatial reciprocity and time symmetry of the wave equation. To avoid any confusion with earlier work, 8 we wish to distinguish between spatial reciprocity and the impact of temporal fluctuations in a medium. By definition, 9 spatial reciprocity ͑and thus time reversal 10 ͒ is broken when a steady-state ͑time-invariant͒ flow or a vorticity field is present in the medium. In the presence of a flow, the Green's function between two points remains constant over time, but the forward and backward Green's functions are different. Based on this principle, reciprocity measurements have been used for a long time to measure steadystate currents at sea. 11 Temporal fluctuations in the medium cannot be considered the same way as steady-state currents because they also affect the one-way Green's function. Timereversal requires spatial reciprocity because of the two-way propagation of the acoustic field ͑Fig. 1͒. Indeed, a successful time reversal requires both forward and backward Green's functions between a source and a TRM to be identical, i.e., spatial reciprocity. In the literature, temporal fluctuations and steady-state currents often are placed in the same category of effects inhibiting successful time-reversal experiments. 8 However, their acoustic consequences on timereversal are different. For example, time-reversal can survive slowly varying ocean fluctuations but still suffer from reciprocity-breaking stationary currents. 12 Throughout this paper, we present an experimental implementation of time reversal in the ocean without the need for spatial reciprocity in the propagation medium. This nonreciprocity-based time reversal ͑NR-TR͒ is built from the forward propagation between the TRM and the desired focal point. The results are compared with the classical procedure between a probe source and a TRM. Aside from obtaining equivalent results when appropriate, it is clear that the NR-TR procedure provides a method to study the time reversal physics in a complicated, time-varying medium to a detail that experimenters, until now, had not yet achieved.
The paper is structured as follows. In Sec. II, we describe the implementation of nonreciprocity-based TR ͑both active and passive͒ and we underline the differences with the classical TR procedure. In Sec. III, we compare at-sea experimental results between classical TR and NR-TR. Finally, we show that NR-TR provides research results that would either be impractical or not even possible to obtain by the classical procedure as constrained by the realities of an ocean experiment.
II. IMPLEMENTATION OF NONRECIPROCITY-BASED TIME REVERSAL
In the classical TR configuration, a probe source ensonifies a source-receiver array ͓Figs. 1͑a͒ and ͑b͔͒ that retransmits a time-reversed version of the received signals at each element ͓Fig. 1͑c͔͒. The result is a focus at the original probe source position ͓Fig. 1͑d͔͒.
The procedure discussed in this paper combines the use of a source array ͑SA͒ and a receiver array ͑RA͒ with a new time-reversal procedure schematically shown in Fig. 2 . Practically speaking, a pulsed signal is emitted sequentially ͑with a time delay T) by each element of the SA ͓Fig. 2͑a͔͒. The refracted and/or reflected signals recorded at one point of the RA are sent back to the SA ͓Fig. 2͑b͔͒ via an external connection ͑for example, by means of radio telemetry in the ocean or more simply using a wired connection in ultrasonics͒. The signals then are synchronized, time-reversed, and loaded into the memory of the SA. Here, the synchronization consists in cutting the received successive signals into pieces of duration T and addressing each signal to the corresponding SA element ͓Fig. 2͑c͔͒. After propagation, the time reversed field then will naturally focus at the desired point ͓Fig. 2͑d͔͒. To be effective, note that the time delay T must be longer than the impulse response of the propagation mea͒ Electronic mail: philippe@mpl.ucsd.edu dium. An alternative to obtain the Green's function between the SA and the RA would be the use of N orthogonal signals sent simultaneously from the N-element SA. The correlation of the signal received on every RA element by the set of orthogonal signals yields the impulse responses between the two arrays without synchronization. In the configuration of Fig. 2 , no probe source is required but an external connection is needed between the SA and the RA. The main difference with classical TR is that the acoustic field propagates twice from the SA to the focal point on the RA but never, as in classical TR, from the focal point to the TRM. As a consequence, the advantage of this implementation of time reversal is that it provides a good focus even when spatial reciprocity does not hold in the medium. However, as with classical TR, the medium must remain stationary enough during this time-reversal procedure to achieve a good focus. The medium stationarity may become dramatically important when the use of an external connection induces delays in the FIG. 1. Schematic of a classical TR implementation. The experimental data involved are discussed in Sec. III. A source-receiver array ͑SRA͒ is facing a receive array ͑RA͒. A probe source ͑PS͒ is collocated with one element of the RA. The propagation medium between the two arrays can be a complex reverberating/ scattering medium. ͑a͒ The PS emits a pulsed signal. ͑b͒ The incident field is received on the RA. ͑c͒ The field is time reversed and transmitted back from the SRA. ͑d͒ The time-reversed field focuses back at the PS location and is recorded on the RA. transmission of the data back from the RA to the SA before active TR can be achieved. An alternative consists of performing passive TR without connection between the SA and the RA by cross-correlating the direct fields received on the RA at different times. To summarize, starting from the measurement of the impulse-response matrix between the SA and the RA ͓Fig. 2͑b͔͒, one has two options to finish the timereversal implementation.
Procedure 1: As depicted in Fig. 2 , construct from the received signal on the ith RA element the time-reversed field as input to the SA ͓Fig. 2͑c͔͒ and actually perform a physical transmission to focus on the ith RA position ͓Fig. 2͑d͔͒. If spatial reciprocity holds in the medium, this active NR-TR procedure is equivalent to classical TR achieved with a probe source collocated with the ith RA element ͑Fig. 1͒.
Procedure 2: The waveguide impulse-response matrix being known from measurement, the full time reversal process can be obtained by simply cross-correlating the outgoing signals received at different times. The focal spot f (t,z rk ) on the ith element of the RA is implemented numerically using
where refers to correlation, defined as h 1 (t) h 2 (t) ϭ͐ Ϫϱ ϩϱ h 1 (tϩ)h 2 ()d. In Eq. ͑1͒, the notation of the impulse response h(r,z ri ,t;0,z s j ,0) flows from right to left, meaning that it refers to the time-domain Green's function ͑limited to the transducer frequency bandwidth͒ between a source at range rϭ0, depth z s j , emitting at time tϭ0 (0,z s j ,0) and a hydrophone at range r, depth z ri , receiving at time t (r,z ri ,t). More precisely, z s j is the depth of each of the N-element SA, z ri is the depth of focus on the RA, z rk is the depth of any point on the RA and r is the SA-RA range. Note that when z rk ϭz ri , Eq. ͑1͒ corresponds to the autocorrelation of the Green's function averaged over the N-element SA, hence a Dirac function ͑in the diffration limit͒ around tϭ0. This passive NR-TR is described in the literature as passive phase conjugation. 13 However, passive phase conjugation is classically performed using multiple receivers while the correlation process in Eq. ͑1͒ is averaged over multiple sources. Actually, the acquisition of the impulse-response matrix between the SA and the RA allows us to perform passive phase conjugation on either array. Indeed, the following process:
h͑r,z r j ,t;0,z si ,0͒ h͑r,z r j ,t;0,z sk ,0͒, ͑2͒ now refers to a passive focus obtained from the M -element RA on the ith element of the SA. Once again, when spatial reciprocity holds in the medium, the correspondence between passive phase conjugation and active time reversal is straightforward ͑see, for example, the mathematical formulations in Refs. 13-15͒. In the presence of low Mach-number currents 16 and when the SA covers the whole water column, we can show that Eq. ͑1͒ still converges to a Dirac function ͑in the diffraction limit͒. However, as stated in Eq. ͑1͒, passive phase conjugation is a circular process since it results in the autocorrelation of data taken at the same time. If we cross-correlate impulse-response matrices obtained at different times, then one can study the properties of time reversal focus in a fluctuating ocean without the use of a probe source and despite the presence of reciprocity-breaking current.
Procedure 1 is very similar to classical TR but does not invoke reciprocity. Parvelescu 17 did the single-element implementation of this NR-TR method in the early 1960s. Its practical limitation relies in the necessary connection between the two arrays as well as the time needed to transfer the data back from the RA to the SA before active timereversal can be achieved. Procedure 2 represents an efficient way to study the time evolution of time-reversal focal spots by recording the impulse-response matrix of the medium on the RA at different times. In this case, no connection between the two arrays is needed. Further, since in both procedures the data were taken from transmitting in one direction only, the effects of reciprocity breaking currents in the environment are eliminated.
Note also that matched field processing ͑MFP͒ 18 is the hybrid model/data version of NR-TR, and not classical time reversal ͑or phase conjugation in the frequency domain͒. That is, one models the replica as propagating from the same direction as the data we received ͑i.e., spatial reciprocity is not invoked͒. Therefore, the discussion in this paper also is relevant to the distinction between the backpropagation implementation of MFP 19 which formally invokes reciprocity and the usual replica-based MFP which does not.
On the right, a bottom-moored receiver array ͑RA͒ consisting of 32 hydrophones with 90 m aperture. The three large transducers on the RA correspond to probe sources at 40, 60, and 80 m. The two surface buoys contain batteries and rf telemetry hardware for data communication with ship. The water depth is 118 m and the distance between the SRA and the RA is 8.6 km. ͑b͒ Collection of sound speed profiles recorded in the area the same day the acoustic experiment was performed. The average temperature profile is nearly uniform leaving the sound speed profile with a constant pressure-related gradient.
The next step is in two parts. First, we experimentally compare focal spots obtained at sea with both nonreciprocity-based and classical time reversal. Second, we investigate different applications for the two NR-TR procedures described earlier.
III. EXPERIMENTAL RESULTS
We have performed an at-sea experiment in April 2003 north of Elba Island, Italy with the same equipment, location, and basic setup as discussed previously. 6, 7 As shown in Fig.  3 , there were Nϭ29 equally spaced SRA transducers spanning 78 m in 115 m water depth and M ϭ32 equally spaced RA hydrophones covering 90 m. Three probe sources are collocated with the RA elements. The data were sent back from each array to the ship via radio frequency telemetry. The range between the two arrays was 8.6 km. The transducers had a central frequency of 3.5 kHz with a 1 kHz bandwidth. 20 The pulses transmitted during the experiment were 100 ms chirps that were compressed after reception to their pulse-like equivalent. This allowed us to obtain high signal-to-noise ratio signals with power-limited transmissions.
A. Simultaneous focal spots in depth
In Fig. 4 , we compare depth-time dependent focal spots obtained with two different time-reversal procedures. On the left, classical TR has been achieved using an 80 m deep probe source transmitting an initial 10-ms-long pulse at 3.5 kHz (⌬ f ϭ100 Hz). On the right, active NR-TR has been implemented ͑Procedure 1͒ to focus on the 80-m-deep element of the RA. In this case, the acquisition of the impulseresponse matrix has been performed with a ⌬ f ϭ500-Hz pulse centered on 3.75 kHz ͓Figs. 2͑a͒ and ͑b͔͒. Three reasons explain the better focus obtained with NR-TR. First, the main reason is the use of a larger frequency bandwidth. In Ref. 6 , a classical TR focus performed in the same environment with a 2 ms initial pulse exhibits lower sidelobes. To achieve a fair comparison, the focal spot at the center of Fig.  4 is a filtered version of the NR-TR focal spot in a frequency bandwidth ⌬ f ϭ100 Hz. When focal spots are compared in the same bandwidth, the sidelobes level still remains lower using NR-TR. The second reason may be the role played by reciprocity-breaking currents in the degradation of the focal spot obtained with classical time reversal. 12 In Ref. 12 , it is shown that currents lead to a focus shift in range propor- tional to the magnitude of the flow projected on the SA-RA axis. Current meter data recorded at the time the experiment was done exhibit current amplitudes on the SA-RA axis from 12 cm/s at 20 m to 2 cm/s at 60 m. Simulated results using environmental information show that classical TR will suffer a 5 dB loss in amplitude for the main lobe, which seems to confirm that current effects may be a good candidate to explain the different sidelobes level between classical TR and NR-TR. Finally, we already have pointed out that classical TR technically was more difficult to implement at sea than NR-TR because it requires an additional probe source collocated with the RA. This technical complexity also could result in a degraded focal spot. 20 In our experimental configuration ͑Fig. 3͒, the big advantage of active nonreciprocity-based time reversal versus classical time-reversal resides in the multiple choices of the focal depth. Indeed, procedure 1 permits us to focus on any of the M receivers of the RA. Going one step further, we demonstrate in Fig. 5 that NR-TR enables us to focus simultaneously at different depths. Using the waveguide impulseresponse matrix, the set of signals that would individually refocus at each depth are summed together before time reversal. In Fig. 5͑e͒ , we show that as many as six simultaneous focal spots can be obtained in the water column. This demonstration of simultaneous multiple foci in the ocean ͑space-time multiplexing͒ opens the way to multiple inputmultiple output communications 21, 22 in underwater acoustics. [23] [24] [25] Finally, in Fig. 6 , we show an example using procedure 1 where we projected the NATO symbol at 8.6 km. Each pixel of the transmitted image ͓Fig. 6͑a͔͒ has been encoded using a binary amplitude modulation ͑BAM͒ scheme with a 10 ms bit length for a 500 Hz bandwidth. Hence, the image of the logo essentially is a picture. Of course, the point here is not the actual image transmission but the focal position control that was not thought to be possible in ocean acoustics before this NR-TR implementation. Figure 7 shows a comparison of procedure 1 ͑upper panel͒ and procedure 2 ͑lower panel͒. Two data sets were taken 8 min apart by originally firing 500 Hz bandwidth pulses centered at 3.75 kHz following the acquisition procedure shown in Figs. 2͑a͒ and ͑b͒. Our objective here was to focus back sequentially at every element of the RA. Compared to Fig. 5 where the foci were achieved simultaneously, a 20 ms delay is introduced here between each focal spot. Fig. 7 that the 50-m-deep RA element is not working. The results are nearly identical for procedures 1 and 2, essentially demonstrating that one can study the TR process without using the final transmission step. That is, one can study medium-induced fluctuations in the TR process by continuously recording the waveguide impulse-response matrix as described in Figs. 2͑a͒ and ͑b͒ and then invoking procedure 2. The advantage of using procedure 2 versus procedure 1 lies in its easier practical implementation and in the speed at which time reversal can be achieved. Indeed, procedure 1 requires the data recorded at the RA to be sent back to the SA ͑via an external connection͒, time reversed and then re-transmitted. Using our experimental setup, this could not be done in less than 8 min. On the other hand, procedure 2 only requires the acquisition of the waveguide impulseresponse matrix between the SA and the RA, which experimentally was done every 30 s.
B. Waveguide fluctuations

Note in
Physically speaking, the interest in Fig. 7 is that it gives an instantaneous picture of the focal spots versus depth. In our case, the depth-dependent sound speed profile was rather uniform ͓Fig. 3͑b͔͒ and the resulting time reversal foci look similar in depth. Figure 8 , with four panels, shows the decay FIG. 6 . Acoustic projection of the NATO symbol at 8.6 km in shallow water. ͑a͒ Depth-time representation of the digitized image to be transmitted through the waveguide. The image is made of 32ϫ35 pixels encoded using a binary amplitude modulation ͑BAM͒ scheme with a 10 ms bit length for a 500 Hz bandwidth. ͑b͒ Depth-time representation of the field received on the RA after propagation. Despite the low quality of this space-time multiplexed image acoustic transmission over a significant distance in an ocean waveguide, the pattern of the NATO symbol is clearly recognizable. The gray scale is in decibels.
FIG. 7.
Comparison between depth-time focal spots obtained with the two NR-TR procedures. The time-reversed field is focused sequentially at every element of the RA. The time delay between each focus is 20 ms. ͑a͒ Active NR-TR is achieved as fast as allowed by the acquisition system. There was an 8 min delay between acquisition of the waveguide impulse response matrix and retransmission. ͑b͒ Passive NR-TR is performed from two waveguide impulse-response matrices recorded 8 min apart. Note that the 50-mdeep RA element is not working. The gray scales are in decibels.
in the NR-TR focal properties after various delays. Here the data at the initial time were correlated ͑procedure 2͒ with subsequent data taken after 30 s, 20 min, 50 min, and 100 min delays, respectively. The degradation of the foci versus time is obvious. Figure 8͑d͒ shows that the deeper focal spots are still visible after 100 min, confirming that the sound speed fluctuations are stronger near the ocean surface. According to Eq. ͑1͒, Figs. 7 and 8 result in the combination of a large number of point-to-point Green's functions recorded at different times ͑the SA and RA consist of 29 and 32 elements, respectively͒. In itself, each of these Green's function matrices is the oceanic equivalent of the data input in a CAT ͑computed axial tomography͒ scan in medicine. In a CAT scan, x rays are used to map a ''slice'' through the human body. Compared to ocean tomography which usually is performed on huge areas with sparsely distributed transducers, our CAT scan data are obtained with many elements on a short-range shallow water environment. We expect that a ray-based acoustic tomography performed on such data should reveal the space-time ocean fluctuations in the considered ocean ''slice'' to a high accuracy.
IV. CONCLUSION
In this paper we have demonstrated experimentally a way to greatly simplify the study of time reversal in a fluctuating medium without invoking reciprocity in the propagating medium. The method eliminates the effects of reciprocity breaking currents and requires minimum knowledge about the source/receive characteristics of the equipment typically used in classical time reversal experiments ͑in which an actual probe source is used͒. Conclusions of these NR-TR experiments are threefold. First, we showed that the underwater acoustic channel can support simultaneous foci in depth suggesting the feasibility of multiple-input multiple output ͑MIMO͒ acoustic communications. Second, our experimental setup enabled the real-time acquisition of the waveguide impulse-response matrix between a source array and a receive array, which is a first step toward a high-resolution measurement of the depth and time-dependent sound speed fluctuations in shallow water. Finally, the fact that reciprocity was not a requirement for this particular implementation of a TRM suggests that there may be alternative implementations that are robust to reciprocity violating media. 
